Transition probabilities and oscillator strengths of 382 lines with astrophysical interest arising from 5d 9 6s 2 6p, 5d 10 6snl, 5d 10 6s 2 , 5d 10 6p 2 , 5d 10 6p7s and 5d 10 6p6d configurations and some levels radiative lifetimes of Pb III have been calculated. These values were obtained in intermediate coupling (IC) and using relativistic Hartree-Fock calculations including corepolarization effects. We use for the IC calculations the standard method of least-square fitting from experimental energy levels by means of Cowan computer code. The inclusion in these calculations of the 5d 10 6p7s and 5d 10 6p6d configurations has facilitated us a complete assignment of the levels of energy in the Pb III. Transition probabilities, oscillator strengths and radiative lifetimes obtained are generally in good agreement with the experimental data.
I N T RO D U C T I O N
Information about the oscillator strengths and lifetimes has applications in many scientific fields. Data about atomic properties are not only relevant to spectroscopy, but these values are of interest in a variety of other fields in physics and technology.
In astrophysical applications, this information can be used to determine elemental abundances from absorption spectra. These data are also essential to calculate the Stark width and shift parameters of spectral lines. Recent observations with the Hubble Space Telescope have raised the need of accurate radiative parameters for heavy atoms in different ionization states. The analysis of spectral lines of doubly ionized lead, Pb III, could allow us [with the new generation telescopes such as NASA's Next Generation Space Telescope (NGST)] to obtain information about the physical conditions of the hot stars.
As an example, the Pb III and Pb IV resonance lines have been detected in Far Ultraviolet Spectroscopic Explorer (FUSE) spectra of hot subdwarf B (sdB) stars (Chayer et al. 2006) . Also, Pb III has been detected in χ Lupy star (Leckrone et al. 1999; Wahlgren 2004) .
Some transition probabilities in Pb III have been the subject of two previous works carried out by the present authors. Experimental transition probabilities for 10 lines arising from 5d 10 6s7p configuration of Pb III in the range of 2000-7000 Å were studied in Colón, Alonso-Medina & Herrán-Martínez (1999) . Theoretical transitions probabilities for the 5d 10 6s 2 -5d 10 6snp, 5d 10 6sns-5d 10 6snp and 5d 10 6snd-5d 10 6snp spectral lines of Pb III were pre-E-mail: cristobal.colon@upm.es sented in Colón & Alonso-Medina (2000) , with a good agreement with the experimental data. Configuration perturbation parameters for configurations of Pb III were evaluated by Hume & Crawford (1951) (the wavefunctions of 52 levels were determined in terms of the LS functions). Relativistic Hartree-Fock calculations, including a potential model to represent core polarization (CP), for oscillator strengths of the 6s 21 S 0 -6s6p 1,3 P 1 transitions of Pb III have been reported by Migdalek & Baylis (1979 , 1985 and Migdalek & Bojara (1988) . Theoretical values of oscillator strengths for the 6s 21 S 0 -6s6p 1,3 P 1 transitions are obtained by Chou & Huang (1992) , using a multiconfiguration relativistic random-phase approximation (MRRPA). Huang, Chi & Chou (1995) and Chou & Huang (1997) obtained new improved values of these oscillator strengths by using the MRRPA approximation, but including the CP effects explicitly. Relativistic Dirac-Fock calculations, including a potential model, for oscillator strengths of the 6s 21 S 0 -6s6p 1,3 P 1 transitions of Pb III are published by Glowacki & Migdalek (2003) . Andersen, Kirkegård & Sorensen (1972) presented a beam-foil study of atomic lifetimes showing the spectral line at 1048.9 Å of Pb III. In 1988, new beam-foil lifetime analyses of the 6s6p 1,3 P 1 , 6s6d 1 D 2 , 6s7s 1 S 0 and 6p 2 1 D 2 levels of Pb III were reported by Ansbacher, . These analyses were used by to present lifetimes of 6s6p 1 P 1 , 3 P 1 , 6s6d 3 D 2,3 and 6s7s 3 S 1 and 6p 2 1 D 2 . Transition analyses from the autoionizing states 5d 9 6s 2 nf and 5d 9 6s 2 np to the ground state 5d 10 6s 2 1 S 0 in Pb III have been reported by Raasen et al. (1991) .
More recent beam-foil measurements for lifetimes in Pb III, including a critical evaluation of the available data base, are reported by Curtis et al. (2001) . Relativistic Dirac-Fock calculations, including a potential model, for two lines of Pb III arising from 1,3 P 1 are published by Glowacki & Migdalek (2003) .
In this work, we show transition probabilities and oscillator strengths of 382 spectral lines arising from 5d 9 6s 2 6p, 5d 10 6pnl, 5d 10 6snl, 5d 10 6p 2 , 5d 10 6p7s and 5d 10 6p6d configurations of Pb III. Some of these lines are in the UV range with astrophysical relevance and there are neither theoretical nor experimental results published. A comparison between theoretical lifetimes deduced from our calculations and the experimental values available in the bibliography is also presented. This work completes the study of the experimental configurations of the Pb III by Moore (1958) .
The system considered is complex, for high Z both relativistic and correlation effects could be relevant. The values were calculated in the framework of the relativistic Hartree-Fock (HFR) method coded in Cowan's suite of computer programs (Cowan 1981 ) in which we have incorporated the CP effects by means of a potential model and a correction to the electric dipole operator.
This work completes the previous work (Colón & Alonso-Medina 2000) providing us a complete set of Pb III oscillator strengths.
We shall first describe in Section 2 the theoretical considerations and then in Section 3 the discussion and the results. The conclusions are presented in Section 4.
T H E O R E T I C A L C A L C U L AT I O N S
In most cases, the single configuration and Russell-Saunders scheme are sufficient to describe the Pb III (Desclaux & Kim 1975) . Nevertheless, this scheme is not enough to describe the 5d 10 6s6d and 5d 10 6p 2 configurations. Hume & Crawford (1951) evaluated the Slater and configuration parameters for Pb III and determined the wavefunctions of 52 levels in terms of the Russell Saunders Coupling of two or more configurations. Several energy levels were not identified in that work.
In a work mentioned above (Colón & Alonso-Medina 2000) , we proposed a more detailed description. From Cowan code (Cowan 1981) , relativistic Hartree-Fock (HFR) and interaction configurations calculations were made. The basis set used in this work consists of three configurations of even parity, namely 5d 10 6s 2 , 5d 10 6s6d and 5d 10 6p 2 . Transitions probabilities for spectral lines involving 5d 9 6s 2 6p, 5d 10 6p7s, and 5d 10 6p6d configurations were not calculated.
In this work, in order to calculate transitions probabilities and the corresponding oscillator strengths, we have used a basis set consisting of six configurations of even parity, namely, 5d 10 6s 2 , 5d 10 6p 2 , 5d 10 6s6d, 5d 10 6s7d, 5d 10 6s8d and 5d 10 6s9d and eight configurations of odd parity, namely, 5d 10 6s6p, 5d 10 6s7p, 5d 10 6s8p, 5d 10 6s5f, 5d 10 6s6f, 5d 9 6s 2 6p, 5d 10 6p7s and 5d 10 6p6d. For the intermediate coupling (IC) calculations, we used the standard method of least-square fitting of experimental energy levels by means of Cowan computer code (Cowan 1981) . For the calculations, we used all the experimental levels (43 + 44 levels) shown in the Moore table. The original code has been modified in order to take into account the CP effects in the same way as other authors (see e.g. Biémont, Froese Fischer & Godefroid 2000a; Biémont et al. 2000b ). The CP effects are included following the suggestions of Migdalek & Baylis (1978) : the CP effects can be written as the one-particle, V P 1 , and two-particle, V P 2 , potential models
where α d is the dipole polarizability of the core and r c is the cut-off radius chosen as a measure of the size of the ionic core. A modification in the radial matrix element can be made in order to take into account the potential change. The P nl |r|P n l is replaced by
where the core penetration term suggested by Hameed (1972) has also been included. For the dipole polarizability and the cut-off radius, we use the values, α d = 3.986 (in au) and r c = 1.268 (in au), computed by Fraga, Karwowski & Saxena (1976) .
In this way, we obtained the LS composition of each level and the degree of configuration mixing considering their interactions. For the HFR calculations, the Cowan code provides us the radial parts for determining the transition probabilities and initial estimation of the parameters for the IC fittings. The CP effects are not taken explicitly into account in our work.
A substantial improvement in the identification of the 5d 10 6p7s and the 5d 10 6p6d configuration levels has been reached. Oscillator strengths and transition probabilities corresponding to spectral lines arising from these configurations have been calculated in this work for the first time.
The wavefunctions obtained in this description have been used in this work to obtain the matrix elements and the transition probabilities reported. Fig. 1 displays a Gotrian scheme of the double ionized lead energy levels. 
D I S C U S S I O N A N D R E S U LT S

Even parity configuration interaction
In a previous paper (Colón & Alonso-Medina 2000) , the most obvious effect, the relative energy position of 6s6d 1 D 2 level, was explained. The current calculations, although supposing a relative improvement (table 1 of Alonso-Medina, Colón & Zanón 2008 ) of these early calculations, do not present remarkable effects on the relative position of the energy levels.
Odd parity configuration interaction
The current calculations actually do not contribute with new conclusions about the relative position of the energy levels of configurations tried in the previous work. Discrepancies of about 200 cm −1 for experimental and theoretical values of energy levels corresponding to 6s6p could not be removed when including the new configurations. We think that this discrepancy is due to the configurations mixed with other excited configurations not included in this work. However, we have obtained new data about the identification of energy levels corresponding to the configurations 5d 10 6p7s and 5d 10 6p6d. We consider these data as one of the contributions of this work.
In Table 1 , we present the wavefunctions of levels corresponding to 6s5f, 6s6f, 5d 9 6s 2 6p, 6p7s and 6p6d configurations in terms of the LS functions and a comparison between experimental and theoretical energy values and the Lande factor. The anomalies in the experimental energy of the 3 F multiplet of the 6s5f configuration in relation to Hund's rule are perfectly explained due to the contribution of the configuration 5d 9 6s 2 6p. There are not remarkable discrepancies in the energy of the levels of the configuration 5d 9 6s 2 6p. However, we want to stand out that, contrarily to the designation tentative suggested by Moore (1958) for the levels 6p'' 3 F 3 and 6p'' 3 D 3 , our calculations indicate that this designation should be altered as can be seen in this table.
There are discrepancies of about 350 cm −1 between experimental and theoretical values of energy levels corresponding to 6p6d. We have not found experimental information about the factor of Lande for the levels of this configuration and we cannot contrast if the deduced assignment of our calculations is more than a first tentative.
A similar situation is found about the 6p7s configuration. In this case, there is a remarkable discrepancy between our calculated Lande factor and the Lande factor published by Moore Moore (1958) . b Pinnington et al. (1988) . c Ansbacher et al. (1988) . Pinnington et al. (1988) . c Ansbacher et al. (1988) .
(1958). Lande factor (g = 0) published by Moore (1958) corresponding to 224 470 cm −1 level is not compatible with the 1 P 1 Moore assignment and is not included in the experimental Lande factors of Pb III obtained by Green & Loring (1933) . Our 0.51 value is compatible with our 3 D 1 assignment from this energy value.
The values found for the different parameters involved in the IC calculations, compared with the HFR values, are shown in Table 2 . The parameters of configurations not presented in Table 2 were fixed at HFR values in order to avoid an increase in the number of parameters above the number of experimental energy levels. Although the parameters of the configuration 6p6d are susceptible to improvement, this cannot be reached with the accessible experimental information. We have considered including it in the fitting process in order to attempt an improvement in the identification of levels not assigned in the Moore Table.
Oscillator strengths, transitions probabilities and radiative lifetimes
Theoretical transitions probabilities obtained for 382 lines of Pb III with wavelengths in the range from 400 to 36 000 Å are displayed in Column 4 of Tables 3-7, while Column 3 gives the corresponding wavelengths. In Column 5 of Tables 3, 5-7, we present the corresponding oscillator strengths.
In Tables 3, 5 and 7, in the Column 6, the corresponding lifetimes of upper level obtained in this work are displayed, while Column 7 gives the corresponding values of other authors in the present bibliography.
In Table 4 , transition probabilities and oscillator strengths are displayed in Columns 4 and 6, in Columns 5 and 7 of this table we present the values of transitions probabilities and oscillator strengths of other authors in the present bibliography, respectively. Moore (1958) . Moore (1958) .
The remaining columns present the lifetimes values of our work and those corresponding to others authors.
In Tables 3 and 4 , we present results for transitions arising from 5d 10 6sns (n = 7, 8, 9) and 5d 10 6snp (n = 6, 7) respectively. The values for transitions arising from 5d 10 6s6d and 5d 10 6p 2 are displayed in Table 5 . Table 6 displays the values for 5d 10 nf (n = 5, 6) and 5d
10 ng (n = 5, 6, 7) transitions. Finally, in Table 7 we present results for 5d 9 6s 2 6p, 5d 10 6p7s and 5d 10 6p6d including the values corresponding to the levels not assigned in Moore tables (Moore 1958) . Values presented in Table 3 are in good agreement with the experimental ones published in the bibliography.
In Table 4 , a very good agreement between our results and the experimental ones, published by other authors, can be seen for both oscillator strengths and lifetimes. This good agreement has been reached due to the inclusion of the CP effects. In the Column 5 of this table, we include the values that we obtained in our previous work (Colón & Alonso-Medina 2000) . These previous values do not include the CP effects and allow us to carry out a comparison and give account of the importance of the inclusion of these effects in the Pb III. Good agreement is also present in the values contributed in Table 5 , although a remarkable discrepancy exists in the lifetime of the level 6p 21 D 2 . Again, we think that this discrepancy is due to the configurations mixed with other excited configurations not included in this work. Considerations in our calculations of other candidates with not experimentally observed energy levels were analysed: 5d 9 6s 2 7p, 5d 10 6p8s and 5d 10 6p7d configurations were tested. The HFR calculations showed that the interaction must be weak. The IC fitting was unfruitful due to the increase in the number of parameters above the number of experimentally energy levels.
Even though we cannot compare the values presented in the Tables 6 and 7, since we have not found published experimental values.
C O N C L U S I O N S
We have presented a complete set of transition probabilities, oscillator strengths and lifetimes of Pb III configurations of astrophysical interest. CP effects are included in our calculations. We have found a remarkable good agreement between our results and the scarce experimental values. Several of those values calculated are published for the first time in this work. Those not assigned by Moore (1958) , 35 1 , 36 2 , 37 3 and 39 2 levels, have been assigned.
AC K N OW L E D G M E N T S
This work has been supported by the project CCG07-UPM/ESP-1632 of the Technical University Of Madrid (UPM). Support to the lines of UPM investigation groups included in the IV PRICIT of the Comunidad Autónoma de Madrid (CAM), SPAIN .
